An investigation of the orbital evolution of near-Earth object 2004CK39, moving on a cometlike orbit, shows that it is a quadruple crosser of the Earth's orbit. If this object were an active comet in the past, but now is extinct, then it might form a meteoroid stream that should produce four observable meteor showers on the Earth, active in February and October. We have identified all four of these showers, which proves that 2004CK39 is a dormant or dead comet nucleus.
I N T RO D U C T I O N
The existence of both comets and asteroids has been known for over two centuries, their apparent motion indicating that both are part of our Solar system. Their names give an indication of their main characteristics as seen from the Earth, both derived from the Greek language, comet for hairy-star and asteroid for star-like. Hence, comets at times show activity that produces a coma and the characteristic tails, while asteroids show no such activity. When Whipple (1950) proposed that a comet nucleus was an icy conglomerate, the distinction between the physical naturest of the two apparently became clear. When a comet approaches within the so-called snowline around the Sun (the distance beyond which water ice can exist at ≈4 au), solar heating causes the ices in the nucleus to sublime, causing a gas outflow that carries with it small dust grains, thus forming the well-known tails. Despite spending most of their lives within the snow-line, asteroids show no such activity, the obvious conclusion being that there is little or no ice within them. As the number of discoveries of new objects increased, anomalies and problems were identified with this simple view point. In 1979, an asteroid was discovered by Helin and given the provisional designation 1979VA. Subsequent observations allowed a firm orbit to be determined and the object was given the permanent number 4015. With a good orbit it was possible to search for possible observations prior to 1979, and 4015 was identified as the same object as had been discovered in 1949 by Wilson and Harrington, but this object had the definite appearance of a comet. The orbital eccentricity is 0.64 and the aphelion point is beyond the orbit of Jupiter, so that the orbit is much more comet-like than asteroid-like and the object is now known as 107P/Wilson-Harrington. Through sublimation, a typical short-period comet loses of the order of 10 28 -10 29 water molecules per second (see e.g. Fitzsimmons et al. 1990 ) for a time of the order of a month, giving a total mass-loss per perihelion passage of about 5 × 10 8 kg. Taking a typical radius of 1 km, the total mass available is of the order 10 12 kg, a comet can thus last for only a few thousand perihelion passages, perhaps 20 000 yr. The exact value is immaterial; the relevant fact is that it is finite and short compared to the age of the Solar system. Hence, comets must come to the end of their lives in the Solar system as we observe it today. Of course, comets will not blow away to nothing. As the outflow weakens, it becomes unable to carry away smaller and smaller dust grains, with the result that a dust mantle builds up on the surface of the nucleus. Hence in due course, all vents become blocked and activity ceases. It is possible that a small collision could reopen a vent, so that activity resumes after a period of dormancy. This is a possible explanation for the behaviour of 107P/Wilson-Harrington. From the Earth, a dormant comet nucleus will look very similar to an asteroid.
Near-Earth objects (NEOs) is the collective term used to describe those objects that have perihelion close to the Earth's orbit usually defined as having a perihelion less than 1.3 au. They consist of many asteroids perturbed from the main asteroid belt, some short-period comets (period less than 200 yr) and undoubtedly some dormant comets.
As well as being of basic scientific interest, determining which of the NEOs might be dormant comets is of great importance in another context.
The NEO population contains all those objects that present a potential hazard to the Earth through collision. Both the effects of a collision and any mitigation strategy that might be deployed depend critically on the composition of the object. A strong rocky or metallic object such as an asteroid will penetrate deeper into the atmosphere while it is less likely to fragment under a deflection strategy, whereas an icy body will probably explode in the upper atmosphere and fragment if an explosive attempt is made to deflect it. It is thus very important that a way be found to distinguish between a true asteroid and a dormant comet nucleus within the NEO population.
The most certain way of doing this is to show that significant and long-term outgassing activity is taking place or has taken place in the past. Unfortunately, space images that are more than 20 yr old make it impossible to detect any such signs, so that for the vast majority of cases, detecting actual outgassing is impossible. However, one byproduct of outgassing from comets is the production of meteoroid streams that can be observed as meteor showers on the Earth. Interasteroid collisions can also generate a meteoroid stream, but such a stream differs in many ways from a cometary stream. For this reason, it is instructive to deviate slightly and consider briefly the formation of a meteoroid stream of cometary origin.
T H E F O R M AT I O N O F M E T E O RO I D S T R E A M S F RO M C O M E T S
The basic mechanism was laid down by Whipple (1951) . As a result of gas drag, dust grains (meteoroids) are ejected from a comet nucleus with a velocity relative to the nucleus of the order of 10 m s −1 . This velocity is very much less than the heliocentric velocity of the nucleus so that the specific energy and specific angular momentum of the released meteoroid is very similar to that of the nucleus. Hence the heliocentric orbits will also be very similar, but with some small dispersal in the orbital elements. A quantitative account of this process, including relevant equations can be found in Williams (2002) . This dispersal in the initial orbital elements of meteoroids, both from each other and from those of the parent, leads to a small dispersal in the orbital period, so that some meteoroids lag behind the parent body, while others overtake it. This spreads the meteoroids along the entire orbit and forms a complete loop in a comparatively short time (Hughes 1986; Williams 1995) .
One effect of planetary perturbations on an orbit is to cause the argument of perihelion, ω, to circulate through all values. For orbits in the NEO locality, this usually takes between 5000 and 10 000 yr. (The actual value for 2004CK39 is given later in the paper.) During such a cycle, the eccentricity also varies in a sinusoidal fashion, but the changes are not large. As pointed out earlier, a comet's lifetime is longer than this, and assuming that it has been ejecting meteoroids through most of its life, meteoroids were released having initially the whole range of values of ω and e.
As the meteoroids occupy different positions from the parent at any given time, planetary perturbations are different while rates and cycles of variations in the angular orbital elements also differ. As a result, the orbits of different meteoroids will be at different stages in their evolutionary cycle. This process increases considerably both the size of the meteoroid stream and its thickness (Babadzhanov & Obrubov 1992) . Meteoroids can be found on orbits similar to all the orbits that the parent body has occupied over a cycle, and they may produce meteor showers at times other than those corresponding to the longitude of the nodes of the parent body at the present time.
During a complete orbit around the Sun, the Earth collides with those stream meteoroids that have a nodal distance of about 1 au, which satisfies
This can give four possible values of ω for a given value of both a and e. As a result, a meteoroid stream can produce a night-time shower with the northern and southern branches at the pre-perihelion passage and a day-time shower with the northern and southern branches at the post-perihelion passage. This was first pointed out by Babadzhanov (1998 Babadzhanov ( , 2001 ). This fact gives us a powerful tool to investigate whether or not a particular NEO is likely to be a dormant comet. The orbital evolution of the NEO needs to be followed over several cycles of the variation in the argument of perihelion and the four values of ω where the nodal distance is 1 au determined. The orbital elements of theoretical meteor showers formed at this time can then be calculated. Methods for carrying out such calculations have been described in Babadzhanov (1996 Babadzhanov ( , 2001 ) and Babadzhanov & Obrubov (1992) . From these orbital elements, the radiant position, appearance date and geocentric velocity of the theoretical meteor showers can be derived and a search carried out through meteor catalogues for real meteor showers corresponding to these. If these are found, then we can conclude that the NEO is indeed a dormant comet nucleus. Such methods have been successfully used in the past by Babadzhanov, Williams & Kokhirova (2008a ,c, 2009 to identify possible cometary fragments in the Taurid, Piscid and Iota Aquariid streams and to investigate the nature of NEO 2003EH1 (Babadzhanov, Williams & Kokhirova 2008b) .
In this paper, we investigate another recently discovered NEO.
T H E N E A R -E A RT H O B J E C T 2 0 0 4 C K 9
The methodology described above requires a significant amount of computation, and so it is not practical to simply choose a NEO at random and hope that the four theoretical showers that it produces match real showers. A dormant comet is more likely to have a comet-like rather than an asteroid-like orbit, and so the chances are maximized by confining searches to those NEOs that have a comet-like orbit. Evaluating the Tisserand invariant is a useful way of doing this. This invariant is given by
Usually, T j < 3 is taken to indicate a comet-like orbit. The NEO 2004CK39 emerged as a strong candidate. Its orbital elements using J2000 taken from the catalogue of the university of Pisa (http://newton.dm.unipi.it/neodys.cat) are e = 0.829, q = 0.397, i = 12.
• 3, ω = 289.
• 6, = 359.
• 5, M = 61.
• 2, at epoch 2004 December 10. The absolute magnitude is given as H = 19.28.
The Tisserand invariant for the orbit has a value of 2.0, very comet-like. Bowell & Lumme (1982) give the following relationship between absolute magnitude H and diameter d:
where p is the albedo. Assuming the albedo is in the range 0.02-0.08, usual for asteroids of the C, P and D types and comet nuclei, the diameter of 2004CK39 is in the range 0.65-1.3 km, a very reasonable value for a dormant comet nucleus rather than a small fragment of some other body.
T H E O R B I TA L E VO L U T I O N O F 2 0 0 C K 3 9
We have integrated the orbital evolution of 2004CK39 both backwards and forwards in time for 8500 yr from the present time, a total of 17 000 yr, using the Halphen-Goryachev method (see Goryachev 1937) .
A summary of the results obtained from −4500 to +4500 at 500-yr intervals is given in Table 1 . In addition to the orbital elements, we give R d and R a , the distances of the descending and ascending nodes. From the table, we can see that R d crossed through unity, somewhere between 0 and 500 and also between 4000 and 4500, while R a crossed between 0 and −500, and between −4000 and −4500. From the detailed output, we can deduce that these crossings were at −4360, −112, 187 and 4230, with other crossings within the integration interval at −8540, −4630, 4560 and 8440.
In Fig. 1 , we show the variations in R d and R a for 2004CK39 plotted against time for the interval −8500 to 0, showing four of the above crossings.
In Fig. 2 , we show the evolution of the same quantities plotted against ω.
M E T E O R S H OW E R S A S S O C I AT E D W I T H 2 0 0 4 C K 3 9
Having obtained the times where the nodes of 2004CK39 are at unity, from our detailed output, we can also obtain the orbital elements at those times. These are taken to be the mean orbital elements of the meteor showers produced at those times. These are given in Table 2 
as T(A), T(B), T(C) and T(D)
. From these, we can also easily calculate the coordinates (RA and Dec.) of the radiant of the resulting theoretical meteor shower and the geocentric velocity V g and appearance date. These are also given in Table 2 .
Finally, a search was made through the published catalogues of Lebedinets, Korpusov & Sosnova (1973) and Terentjeva (1989) as well as the IAU Meteor Data Centre for meteors corresponding to these theoretical showers. In order to be considered, the radiant positions had to be within 10
• in both RA and Dec. In addition, the geocentric velocities had to be within 5 km s −1 of each other and the time of the shower within 15 d of each other. We also calculated the D S-H criterion proposed by Southworth & Hawkins (1963) 
to confirm that the orbits are similar, using the commonly used D S-H < 0.2. Table 2 also lists the meteor showers that are found satisfying the above conditions. There is a clear correspondence between theoretical showers A and B and the northern and southern branches of the active nighttime fireball shower ν Virginids. For the theoretical showers C and D, 17 and 24 radio meteors were found in the Meteor Orbit Data Centre with the required parameters. These are the northern and southern branches of the day-time Virginids. Porubcan, Kornos & Williams (2004) contended that in order to be certain that an NEO was related to a meteoroid stream, the orbital evolution had to be similar over a period of at least 5000 yr. We have integrated the orbit of the ν Virginids over the same time interval as 2004CK39. The results of the integrations are also shown in Figs 1 and 2. As can be seen, the curves in both the figures are virtually identical. As a further check that the evolution is similar, we have used the D criterion defined by Asher, Clube & Steel (1993) as
where subscripts 1 and 2 refer to the two orbits being compared. It was a more suitable tool for measuring orbital similarity in this case rather than the more traditional D S-H since the argument of perihelion and the longitude of ascending node are changing rapidly. Meteor showers The results of the calculations are shown in Fig. 3 . The D criterion remains within the range 0.1-0.35 throughout the 8000-yr interval. The variation in the value of D comes about, as explained earlier, because the orbits are not identical and so meteoroids will be on slightly different phases of the evolutionary curve.
C O N C L U S I O N S
We have investigated the orbital evolution of NEO 2004CK39 and find that within a 8500-yr time interval it crosses the Earth's orbit four times. We have identified meteor showers that were formed at each of these times, the night-time northern and southern ν Virginids and the day-time northern and southern Virginids. This shows that 2004CK39 has a long history of ejecting meteoroids and conclude that it must be a dormant comet. Its size is also consistent with this notion, and its orbit is also highly eccentric with a low value of the Tisserand criterion.
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